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Freshwater aquatic organisms face the challenge of being exposed to a multitude of chemicals discharged
by the human population. The objective of this study was to rank metals according to the threat they
pose to aquatic organisms. This will contribute to a wider Chemical Strategy for freshwater which will
risk-rank all chemicals based on their potential risk to wildlife in a UK setting. The method involved
comparing information on ecotoxicological thresholds with measured concentrations in rivers. The
bioconcentration factor was also considered as a ranking method. The metals; Ag, Al, As, Cd, Cr, Cu, Fe,
Hg, Mn, Ni, Pb and Zn, were analysed using this approach. Triclosan and lindane were used as
comparative organic pollutants. Using a range of ranking techniques, Cu, Al and Zn came top of the list of
concern, with Cu coming ﬁrst.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
As society has developed over the last 60 years, so has the
consumption of chemicals, so that now over 100,000 chemicals are
in use worldwide (Holt, 2000). As the various chemical industries
have developed, this has led to an increase in freshwater contam-
ination by chemicals over time (Schwarzenbach et al., 2006). There
are serious questions to ask concerning whether we will ever be
able to obtain sufﬁcient information to evaluate the safety of all of
these chemicals in the environment using current approaches
(Sumpter, 2009). The issue of thousands of pharmaceuticals, and
more recently also nanoparticles, appears to overwhelm our ca-
pacity to assess the risk to wildlife from exposure to chemicals,
especially if we proceed on a ‘chemical- by-chemical’ basis. To date
no approach has unanimous support when it comes to the risk
assessment of chemicals in the aquatic environment, different
methods have their own advantages and disadvantages (SEC(2011)
1544). Nevertheless, we are not short of information; in 2012,
Chemical Abstracts Service (CAS) reported nearly one millionDonnachie), ajo@ceh.ac.uk
ds@ceh.ac.uk (M.G. Pereira),
r Ltd. This is an open access articlearticles, out of which nearly half covered research at the interface of
chemistry and biology, indicating that there is a wealth of knowl-
edge available in the subject area of chemical and biological science
to help us assess risk (ACS, 2013).
Thus, given the inevitably modest budgets available for envi-
ronmental study, which chemicals should we focus on, or regulate,
in order to best protect our aquatic environment? Environmental
research funding is not necessarily a rational or objective process,
as funding organisations (and their reviewers) are inﬂuenced by
fashion, novelty or political imperatives. This subjective process
could leave us with considerable knowledge on some chemicals
whilst others remain unstudied (Anastas et al., 2010; Grandjean
et al., 2011). However if ﬁsh, as an example of aquatic wildlife,
could vote, which chemical would they indicate as their greatest
concern?
Globally it has been recognised that there is a need to develop a
better understanding andmanagement strategywith regards to the
risk of chemicals to human health and the environment (Anastas
et al., 2010). Deciding which chemicals are of most concern is a
global challenge and has been highlighted as one of the top
research questions needing to be answered by the Society of
Environmental Toxicology and Chemistry (SETAC) (Brooks et al.,
2013). The safeguarding of freshwater ecosystems is an increasing
challenge as domestic and industrial demands on water resourcesunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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2000) with the potential for extreme low ﬂow events, which may
occur more frequently as a consequence of climate change.
In theory, this objective to protect aquatic organisms is not
dissimilar to that used in the EU Water Framework Directive
(WFD), which governs hazardous, or priority, substances. The main
objective of the Priority Substances Directive of the EU (EC, 2008) is
protecting wildlife and humans from harmful effects of chemicals
identiﬁed as priority substances in surface waters, and to monitor
trends in the concentrations of these chemicals. It does this
through setting environmental quality standards (EQS) for a
number of chemical pollutants, belowwhich no harmful effects are
expected to wildlife, or humans. This study will hopefully support
that effort.
The objective of this study was primarily to rank metals in the
water column on the basis of risk to aquatic wildlife. Metals are
natural elements and some are essential for life. The discharge of
metals from industry and domestic sources has drastically
increased the input and release of metals into aquatic ecosystems
(Wood et al., 2012a). Certain forms of metals, when present at
sufﬁciently high concentrations, are toxic (Luoma, 1983).
The proximity between reported effect concentrations and
measured river water concentrations was the approach used in this
ranking assessment. The ranking of metals based on their bio-
concentration factor (BCF) was also considered as an additional
rankingmethod.While BCFs for metals have been reported as being
variable and an insufﬁcient measure of risk (Chapman et al., 1996),
the bioconcentration of a chemical can be a useful indicator of
chemical exposure to aquatic organisms and a prerequisite of
adverse effects (Franke et al., 1994).
As the overall objective of the larger study, of which this paper is
a part, is to compare the risk from different types of chemicals, two
organics substances were also examined as test cases. Might the
risk from metals turn out to be trivial compared to some key or-
ganics of concern? Triclosan is an antimicrobial agent found in
soaps, deodorants, skin creams and plastics which we have been
using in our homes since the 1960's (Price et al., 2010). Triclosan
was selected as some scientists have argued that for the environ-
ment it is the most hazardous personal care product on the market
(Brausch and Rand, 2011; von der Ohe et al., 2012). Designed to act
as an insect neurotoxin, g-hexachlorocyclohexane (g-HCH), also
known as lindane, has been banned for agricultural use around the
world since 2009 (UNEP, 2005). It has been identiﬁed as a priority
hazardous substance by the European Commission in the Water
Framework Directive (2000/60/EC) and hence a water quality
standard exists for it.
Previous studies have looked at the effects of one chemical on
multiple species (Enick and Moore, 2007; Qu et al., 2013) or the
effects of a single class of a chemicals on a range aquatic organ-
isms, (Gerhardt, 1993; Van Sprang et al., 2009). The approach used
here was to compare a range of different chemicals and examine
their effects on a range of different species, in order to rank the risk
they represent. It is the hope of the authors that this direct
approach to chemicals risk-ranking might prove illuminating and
aid regulators and scientists about where to focus their concerns
and efforts.
2. Methods
2.1. Rationale
Whilst isolated industries and particular environmental cir-
cumstances can damage wildlife, these local situations were not
the focus of this research. This study focused on to what degree a
chemical might be of widespread concern. Only exposure in the UKwas considered, so only measured UK river concentrations were
used; however, the same approach could equally be applied to
other counties. With respect to exposure to chemicals from the
domestic population, the UK could be considered one of the most
exposed countries in the developed Western world (Keller et al.,
2014). In order to observe how some well-known organic pollut-
ants might compare in terms of concern with the metals, lindane
and triclosanwere also studied, using the same methodology as for
the metals. This methodology could be viewed as a ﬁrst tier
ranking which considers harmful exposure for an organism via the
water column. There are many environmental factors that can
modify the potential risk posed by a chemical in the aquatic
environment, such as acidity and dissolved organic matter content
(Gensemer and Playle, 1999; Sciera et al., 2004), which, depending
on the factor and the chemical, could be protective or cause an
increase in the toxicity of the chemical. Some of these factors have
been explored in this paper; others will be explored in the devel-
opment of the second tier methodology. These additional factors
are referred to here as moderating factors. Bioconcentration of a
chemical was considered by using the bioconcentration factor
(BCF) as an additional ranking method, which could produce a
different ranking order and thus the chemical identiﬁed as of most
concern.
For all chemicals, publications were searched using a series of
key words over the period Nov 2012eJuly 2013 (Table S1). TheWeb
of Knowledge contains data on 23,000 scientiﬁc journals from 1900
to the present day, which can be considered representative of sci-
entiﬁc work that has been peer reviewed and thus considered a
reliable source of information. The two main categories of infor-
mation required from the literature search were the effects of a
chemical on aquatic organisms and the concentration of a chemical
in the aquatic environment of the UK.
2.2. Environmental toxicity information gathering
With regards to the reported effects data, for these to be entered
into our ecotoxicity database, only studies with measured con-
centrations, rather than nominal, were included. It was also
considered essential that laboratory ecotoxicity studies included a
description of experimental conditions, such as temperature, pH
and hardness. A range of effect measurements were present in the
literature including LOEC, EC50, LC50, acute toxicity and chronic
toxicity. For this study, a wide range of species and endpoints were
considered, to ensure that a representative picture of species and
possible effects was obtained. The endpoints used included mor-
tality, growth inhibition and changes to gene expression. In these
aquatic toxicological studies, bacteria, daphnids and ﬁsh were the
most commonly used test species. Species which are relevant to the
UK were preferred, but failing that, common test species were used
i.e. species which have been approved as standard test species
(Farre and Barcelo, 2003).
Data on the bioconcentration (BCF values) of each chemical was
also collected through the literature search. McGeer et al., 2003
provide a review of bioconcentration for a selection of metals (Ag,
Cd, Cu, Hg, Ni, Pb, Zn) and hence, this paper, with others, was used
as a reference source for BCF values.
References were reviewed per chemical, using key search terms
(Table S1), also reviews, cross-referencing and consensus within
the literature onwhichwere themost sensitive organisms and end-
points for a chemical were noted. Data were added to the database
until the median value didn't change signiﬁcantly with the addition
of new data.
Fig. S1 details the methodology process as a ﬂow chart. Table S1
details the number of papers from the literature and Table S2
provides the actual number of these papers used to provide the
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together with accompanying reference list.
The aim of the literature search on each chemical was to get an
overall impression of the effects of a chemical on a range of aquatic
organisms. It was not possible during this study to review every
single paper present in the literature on metals, lindane or triclosan
(Table S1); doing so would be a monumental task.
2.3. Environmental concentration information gathering
For the chemicals studied, only measurements of concentra-
tions made in the UK were collected. These included total
measured river water concentrations reported in literature publi-
cations, but also total measured river water concentrations ob-
tained from other available databases. These other databases
included the Forum of European Geological Surveys (FOREGS, now
EuroGeoSurveys) (Salminen et al., 2005; De Vos W., 2006) and
Environment Agency WIMS data (1990e2012) (WIMS, 2013). No
single data source provides an ideal balance of measurements from
around the country. Measurements of concentrations reported in
the scientiﬁc literature often focus on locations believed to be hot
spots, such as rivers receiving mine waste contaminated with
metals, whilst the FOREGS database focuses on second order,
drainage basins and the WIMS data contains many entries where
the concentrations were found to be below the limit of detection.
These non-detects were included in the study by reporting them as
half the LOD.
2.4. Risk analysis
Using the data collected for this project, each chemical was
initially analysed using three ranking approaches (see below),
based either on water exposure or bioconcentration. In the future,
using the database that has been collated, the chemicals could be
analysed further as the ranking methodology develops. This study
describes how they have been considered at this ﬁrst tier of
development.
2.4.1. Ranking of chemicals based on exposure via the water column
The individual effect concentrations and measured river water
concentrations for each chemical were plotted. This method creates
two sub-sets of data, the effect data and the measured river water
concentration data. It is the proximity of these two data sets which
indicates the degree of concern posed by a chemical. All measured
water data were plotted, thus in some cases there were outliers
which may represent concentrations which are found at localised
polluted sites, such as at mine sites.
The possibility exists that some values from ecotoxicity and river
water concentration studies or datasets are wrong and cannot be
repeated. To reduce the inﬂuence of any erroneous data, the degree
of separation between the median effect concentration and the
median river water concentration was the ﬁrst method used for
ranking chemicals on the basis of risk (equation (1)). The median of
all the effect data used in the study (including all species and all
endpoints) and the median of all the measured river data were
calculated to provide an initial comparison.
Risk ¼ mW
mT
(1)
WheremW is themedian riverwater concentration (mg/L) andmT is
the median effect concentration (mg/L).
This value can be described as a risk ratio, which can be used to
rank concern, the larger the value, the greater the concern. The
chemicals were ranked according to this risk ratio.2.4.2. Ranking of chemicals based on exposure via the water
column: A precautionary approach
Given the wide range of concentrations that could occur in
rivers as a consequence of the uneven distribution of population
and variation in ﬂow in the country, it seems reasonable to ﬁx the
median environmental concentration as one of the comparators.
However, a precautionary approach would be to use the 5%ile
ecotoxicity concentration and compare this with the median river
water concentration (equation (2)). This second ranking approach
uses the same risk ranking principle, in this case comparing the
distance i.e. the fold-difference between the 5%ile effect concen-
tration and themedian river water concentration to assess whether
a chemical is of potential concern or not.
Risk ¼ mW
5%ileT
(2)
Where mW is the median measured river water concentration (mg/
L) and 5%ileT is the 5th percentile effect concentration (mg/L).
2.4.3. Ranking of chemicals based on Bioconcentration Factor (BCF)
The BCF is a unitless value calculated by dividing “steady-state”
wet tissue concentration by “steady-state” water concentration of a
particular substance (Chapman et al., 1996). By using only the BCF
as a ranking tool, without any reference to toxic concentrations, a
third, different ranking order with regards the threat posed by
chemicals to aquatic wildlife can be produced. The BCF is an
established ratio, thus values were collected from the literature and
the median values used as a comparison between chemicals. The
greater the BCF, the greater the concern based on this ranking
methodology.
3. Results and discussion
There is a great deal of information available in the literature on
metal toxicity (Brix et al., 2011); studies reporting impacts of metals
on the environment have been published since the 1960's. We
conclude from this that it really ought to be possible to rank the
aquatic risk posed by metals. Some 250,000 papers have been
published on the toxicity of the metals we investigated (Table S1).
The chemicals have been ranked and discussed based on the risk
they present to aquatic wildlife. Table S3 is a summary of the
ranking order and risk ratios obtained from all three methods.
3.1. Ranking of chemicals based on exposure via the water column
3.1.1. Ranking of metals
The threat of metals as an individual class of chemicals was ﬁrst
considered. When the data for all the metals were compared, it can
be seen that some overlap between environmental concentrations
and concentrations that cause effects on aquatic organisms occurs
for all metals except As (Fig. 1). The difference between the median
river water and effect values was relativity small (about 10-fold) for
metals of most concern, such as Cu, Al, Zn, but was larger (about
10,000-fold) for metals of less concern, such as Cr, Ag and Hg
(Fig. 1). When ranking the metals by comparing the median river
water andmedian effect concentrations, Cu, Al, Zn andNi emerge as
posing the greatest risk. When using the 5%ile effect concentration
as a comparison to median river water concentrations, Al, Cu, Ni
and Zn appear as the metals of greatest concern (Fig. 2).
Concentrations of Cu measured in UK rivers range between
0.02 mg/L and 133 mg/L, with amedian concentration of 4.7 mg/L. The
lowest reported concentration which has harmful effects on
freshwater organism is 2.5 mg/L; periphyton (algae) experience a
57e81% reduction in productivity at this concentration (Leland and
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Fig. 1. e Ranking of metals, lindane and triclosan based on the difference between the median effect (left hand vertical line of each pair: diamonds) and river water concentrations
(squares). The median values are plotted as black circles. The numbers in brackets represent the number of data points per data set.
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affected at 2.8 mg/L (Hansen et al., 2002). Cu toxicity is moderated
by dissolved organic carbon (DOC); as binding of Cu to the DOC
reduces its uptake into aquatic organisms and thus the toxicity of
Cu is reduced (Wood et al., 2012a). Thus, the impact DOC would
have on the ranking of Cu and other metals should be a moderating
factor to consider.
Zinc has been ranked here as the third or fourth metal of po-
tential concern to freshwater ecosystems in the UK. The median
river water concentration of Zn is 9.0 mg/L, with a range of
0.46e160 mg/l. Lemna gibba (duckweed) appears to be a sensitive
species, with a reported EC50 of 10 mg/l (Okamura et al., 2012).
Oncorhynchus mykiss (Rainbow trout) were also reported to be
affected at low concentrations, with evidence of a decrease in
survival at concentrations between 20 and 289 mg/l (Mebane et al.,
2012). Gardner et al. (2012) reported in their study on chemicals
present in sewage efﬂuent that the median concentrations of total
Cu and Zn are found in the UK were 8.3 mg/L and 30.9 mg/L
respectively (Gardner et al., 2012), which as expected are higher
than median river concentrations.0.0  
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Fig. 2. e Ranking of chemicals (metals, lindane and triclosan) based on the difference
between the 5%ile effect concentration and the median river water concentration.
When the river water concentration exceeds the 5%ile effect concentration (risk ratio
>1) this suggests a current danger to aquatic organisms.Aluminium appeared in ﬁrst or second place in order of risk to
the environment when water chemistry is not considered (Figs. 1
and 2). Al has mainly been studied in relation to its toxicity in
acidic waters (Baker and Schoﬁeld, 1982). To aquatic organisms,
monomeric Al species are the most toxic species (Driscoll and
Schecher, 1988). These species of Al are found at pH levels <
pH6 and >pH8.5. Below pH6, cations (Al3þ, AlOH2þ, Al(OH)2þ) are
present in the dissolved phase and their solubility increases with
decreasing pH. In alkaline conditions the anion Al(OH)4 domi-
nates (Gensemer and Playle, 1999; Wood et al., 2012b). In the UK,
freshwaters are on average found to be of a neutral pH (Neal,
2002). However, any increase in sources of anthropogenic acidi-
ﬁcation gives cause for concern with regards Al toxicity to fresh-
water organisms (Poleo et al., 1991). Natural causes of ﬂuxes in pH,
such as during periods of snowmelt and anthropogenic acidiﬁ-
cation, can alter the speciation of Al and have been a major
concern to freshwater biota (Andren and Rydin, 2012). The
FOREGS project states a pH range of 6.1e8.5 with an average pH of
7.9 in UK waters, although lower pH levels (pH 3.9e6) have been
reported in the literature (Tipping et al., 1998; Tipping, 2005;
Tipping and Carter, 2011). The effect and exposure data included
in this study encompass studies conducted at any pH level. If the
risk ratio is re-calculated based only on effect and exposure data
between the pH range of 6e8.5, the median effect concentration
would be 1904 mg/L whilst the median river concentration is
35.1 mg/L, giving a risk ratio of 0.018, compared to 0.091 when pH
is not considered. Al toxicity is also impacted by temperature, DOC
and hardness (Neville and Campbell, 1988), which can reduce the
toxicity of Al (Wood et al., 2012b). Therefore, whilst Al can have
harmful effects on freshwater organisms, this is very closely
associated with pH levels. Because these conditions are now un-
common in the UK, Al would drop down our level of concern in a
second tier analysis.
Both approaches used to rank metals based on exposure via the
water column result in the same top four chemicals of concern.
Although the approach of comparing the effect concentration and
the river water concentration uses a straightforward methodology,
Cu, Zn and Ni have also been identiﬁed by others, using different
approaches, as the metals posing the highest risk to aquatic wildlife
R.L. Donnachie et al. / Environmental Pollution 194 (2014) 17e23 21(Arambasic et al., 1995; Khan and Nugegoda, 2007). There is little to
choose between the degree of concern for Cu, Zn and Ni. By using
the median, which has less statistical variability, the metal of
greatest concern based on water exposure is Cu.
3.1.2. Comparing metals to key organic pollutants
As an initial, and admittedly preliminary, step towards
comparing the potential risk of metals with those of other chem-
icals, triclosan and lindane were ranked, using the same meth-
odology as for the metals. When compared using the median data,
triclosan and lindane are ranked fourth and eleventh, respectively
(Fig. 1). Using the 5%ile effect concentration approach, the two
organic pollutants were of similar or greater risk to aquatic wildlife
(Fig. 2). It was interesting to note that using this approach triclosan
appeared to be a greater threat to aquatic wildlife than most
metals.
3.1.3. Ranking of chemicals based on Bioconcentration Factor (BCF)
The bioconcentration factor is the ratio of the chemical con-
centration in an aquatic organism to the concentration in the
water. The median BCF of each chemical considered in the current
study is plotted in Fig. 3. They were calculated from BCF values
reported in the literature for a range of organisms. A chemical with
a BCF of 2000 is considered to be bioaccumulative and a BCF of
5000 is considered very bioaccumulative, according to guidelines
in Annex XIII of the REACH Regulation 1907/2006 (EC, 2006). The
higher the BCF value, the more concern is associated with the
chemical. Thus, Hg exceeds the very bioaccumulative value of 5000
with a BCF of 6000, Zn and triclosan exceed the 2000 benchmark
with median BCF of 4000 and 3100, respectively (Fig. 3). Once BCF
is considered, Hg becomes the chemical ranked highest and tri-
closan moves up the ranking order. Although the ranking order has
changed, Cu remains a chemical of concern and is in the top half of
the ranking. It should be recalled that a chemical which bio-
concentrates is not necessarily hazardous (Vijver et al., 2004), and
hence the ﬁnal ranking would need to include an assessment of
toxicity.
Mercury is found at very low concentrations in UK waters, with
a range of 0.005e0.75 mg/L. It is present in freshwater in three main
forms; the inorganic forms of metallic Hg0, inorganic Hg2þ and the
organic methylmercury [MeHg(I)] (Wood et al., 2012b). Hg in this
study represents all forms of Hg. However, [MeHg(I)] is highly
toxic, especially to the developing nervous system, and it accu-
mulates in the food web, whereas the toxicity of the other forms is
considerably lower. Thus, comparing total Hg values in the water
column with effect concentrations could under-represent risk. The
EU WFD has recently set EQS values for concentrations in biotaFig. 3. e Ranking of chemicals based on the median Bioconcentration Factor (BCF). A
chemical with a BCF of 2000 is considered to be bioaccumulative (red dashed line) and
a BCF of 5000 is considered very bioaccumulative (red line).where an EQS based on water concentrations is not considered
protective enough, for Hg the EQS value of 0.05 mg/L in water has
been supplemented with the in biota standard of 20 mg/kg fresh
weight. Sources of natural Hg include geothermal and volcanic
activity, while anthropogenic sources range from the combustion
of fossil fuel in power plants to various types of manufacturing and
production processes such as metal and cement facilities, inciner-
ation and mining (Pirrone et al., 2010). Although the emissions of
Hg have been reduced in Europe, the [MeHg(I)] levels in freshwater
ﬁsh remain high (Lepom et al., 2012), and hence Hg is still of
considerable concern for aquatic wildlife in the UK (Jurgens et al.,
2013).
Unfortunately, metal BCF values have been reported as being
highly variable between organisms (Franke, 1996; Luoma and
Rainbow, 2005). McGeer et al., 2003 reported that it is virtually
impossible to derive a meaningful BCF value that is representative
for each metal. However, this study plans to compare different
classes of chemicals, which will include a range of organic and
inorganic substances. The BCF model was developed to describe
neutral and lipid soluble organic substances (McGeer et al., 2003),
thus to make an unbiased and balanced comparison, the same data
for all substances should be compared. The BCF ranking demon-
strates that changes occur to the chemicals of most concern based
on the ranking method used, highlighting that there are other ways
to prioritise chemicals.
3.2. Moderating factors
Taking data straight from the literature regardless of ecological
relevance, species, test conditions and endpoints, has allowed all
possible effects to be considered, and the median concentration
that produces these effects to be compared against typical UK river
concentrations. This has provided an unbiased view of what a
chemical's potential threat to the environment might be. However,
as the methodology is further developed, it will be important to
consider moderating factors which might increase or decrease a
chemical's proposed ranking.
It has been known for decades that water chemistry factors will
play a critical role in determining bioavailability and hence toxicity
of metals; these factors include pH, hardness, and DOC. When all
these factors are known, speciation and biotic ligand models (Di
Toro et al., 2001) can be used to assess the most realistic expo-
sure and risk at a particular river location. It should be noted that in
most cases the bioavailable toxic species of a metal account only for
a proportion of the total, so risks tend to decrease.
Mortality is one of the most frequently used endpoints in
toxicity studies. However, physiological and behavioural responses
to a toxicant are more sensitive, and in terms of response time, they
are among the ﬁrst reactions against toxicant stress at sub-lethal
concentrations. In this study we have tried to remove inaccura-
cies which occur when only including LC50 results, to ensure that
the full range of chemical impacts were taken into account. Part of
the challenge will be determining, from these endpoints, which
ones are of major concern to the actual function of the population,
and which are of only negligible impact. For example, if the effect of
a chemical was inhibition of reproduction, this would be consid-
ered of great ecological relevance. In contrast, effects on expression
of some genes, without any obvious adverse consequences, would
be consideredmild effects, and of minor relevance. By considering a
wide range of endpoints rather than just visual observable toxicity,
a more precautionary assessment can be made of the impact that a
chemical is having on an individual or population (Burgess et al.,
2013). Moderating factors would need to be reviewed in a ﬁnal
analysis, although a danger of subjectivity must be acknowledged
whilst doing so.
R.L. Donnachie et al. / Environmental Pollution 194 (2014) 17e23224. Conclusions
Many might argue that trying to risk rank all chemicals, or
simply examples of different classes of chemicals, is impractical and
unrealistic. However, few would deny that this would be highly
desirable if it were possible. This study does not set out to be the
ﬁnal and deﬁnitive analysis of chemical risk. It merely utilizes the
vast amount of informationwe have available now to examine how
chemicals could be ranked based on current knowledge. The
method described here suggests it is possible to use our approach
and the corroboration between the results of this analysis and
those carried out by others, at least on metals, gives strong support
to this approach. Whilst merely comparing metals one against
another on the basis of aquatic risk is not novel, comparing metals
with organic contaminants would be. In due course, other pesti-
cides, pharmaceuticals, biocides, surfactants, POPs and nano-
particles will be included in the comparison. At this stage of this
risk ranking exercise it would appear that the historic focus by
environmental scientists and regulators on metals has been
entirely justiﬁed on the basis of the proximity of effect and river
water concentrations for aquatic organisms. We believe it is note-
worthy that a personal care product, such as triclosan, was ranked
as a higher risk than many metals. At this stage, Cu, Al, Zn, Ni and
triclosan appear to be the chemicals of most concern, with Cu being
of most concern.
Acknowledgements
We would like to thank Department for Environment, Food and
Rural Affairs for funding this project (CB0462). The views expressed
here are of the authors alone. We would also like to thank col-
leagues at Brunel University and CEH for their advice in the project.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.envpol.2014.07.008.
References
ACS Publications, 2013. Publish Be Found or Perish: Writing Scientiﬁc Manuscripts
for the Digital Age (accessed 01/2014). http://pubs.acs.org/bio/ACS-Guide-
Writing-Manuscripts-for-the-Digital-Age.pdf.
Anastas, P., Teichman, K., Hubal, E.C., 2010. Ensuring the safety of chemicals. J. Expo.
Sci. Environ. Epidemiol. 20, 395e396.
Andren, C.M., Rydin, E., 2012. Toxicity of inorganic aluminium at spring snowmelt-
In-stream bioassays with brown trout (Salmo trutta L.). Sci. Total Environ. 437,
422e432.
Arambasic, M.B., Bjelic, S., Subakov, G., 1995. Acute toxicity of heavy-metals (copper,
lead, zinc), phenol and sodium on allium-cepa l, lepidium-sativum l and daphnia-
magna st e comparative investigations and the practical applications. Water
Res. 29, 497e503.
Baker, J.P., Schoﬁeld, C.L., 1982. Aluminum toxicity to ﬁsh in acidic waters. Water Air
Soil Pollut. 18, 289e309.
Brausch, J.M., Rand, G.M., 2011. A review of personal care products in the aquatic
environment: environmental concentrations and toxicity. Chemosphere 82,
1518e1532.
Brix, K.V., DeForest, D.K., Adams, W.J., 2011. The sensitivity of aquatic insects to
divalent metals: a comparative analysis of laboratory and ﬁeld data. Sci. Total
Environ. 409, 4187e4197.
Brooks, B.W., Ankley, G.T., Boxall, A.B.A., Rudd, M.A., 2013. Toward sustainable
environmental quality: a call to prioritize global research needs. Integr. Environ.
Assess. Manag. 9, 179e180.
Burgess, R.M., Ho, K.T., Brack, W., Lamoree, M., 2013. Effects-directed analysis (EDA)
and toxicity identiﬁcation evaluation (TIE): complementary but different ap-
proaches for diagnosing causes of environmental toxicity. Environ. Toxicol.
Chem. 32, 1935e1945.
Chapman, P.M., Allen, H.E., Godtfredsen, K., Zgraggen, M.N., 1996. Evaluation of
bioaccumulation factors in regulating metals. Environ. Sci. Technol. 30,
A448eA452.
De Vos, W., Tarvainen., T., Salminen, R., Reeder, S., De Vivo, B., Demetriades, A.,
Pirc, S., Batista, M.J., Marsina, K., Ottesen, R.-T., O'Connor, P.J., Bidovec, M.,Lima, A., Siewers, U., Smith, B., Taylor, H., Shaw, R., Salpeteur, I.,
Gregorauskiene, V., Halamic, J., Slaninka, I., Lax, K., Gravesen, P., Birke, M.,
Breward, N., Ander, E.L., Jordan, G., Duris, M., Klein, P., Locutura, J., Bel-lan, A.,
Pasieczna, A., Lis, J., Mazreku, A., Gilucis, A., Heitzmann, P., Klaver, G.,
Petersell, V., 2006. Geochemical Atlas of Europe. Part 2-Interpretation of
Geochemical Maps, Additional Tables, Figures, Maps, and Related Publications.
Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin, P.R., Santore, R.C., 2001.
Biotic ligand model of the acute toxicity of metals. 1. Technical basis. Environ.
Toxicol. Chem. 20, 2383e2396.
Driscoll, C.T., Schecher, W.D., 1988. Aluminum in the environment. Met. Ions Biol.
Syst. 24, 59e122.
EC, 2006. Regulation No 1907/2006 Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH), Establishing a European Chemicals Agency,
Amending Directive 1999/45/EC and Repealing Council Regulation (EEC) No
793/93 and Commission Regulation (EC) No 1488/94 as well as Council Direc-
tive 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC
and 2000/21/EC.
EC, 2008. Directive 2008/105/EC, Environmental Quality Standards in the Field of
Water Policy, Amending and Subsequently Repealing Council Directives 82/176/
EEC, 83/513/EEC, 84/156/EEC, 84/491/EEC, 86/280/EEC and Amending Directive
2000/60/EC of the European Parliament and of the Council.
Enick, O.V., Moore, M.M., 2007. Assessing the assessments: pharmaceuticals in the
environment. Environ. Impact Assess. Rev. 27, 707e729.
Farre, M., Barcelo, D., 2003. Toxicity testing of wastewater and sewage sludge by
biosensors, bioassays and chemical analysis. Trac-Trends Anal. Chem. 22,
299e310.
Franke, C., 1996. How meaningful is the bioconcentration factor for risk assess-
ment? Chemosphere 32, 1897e1905.
Franke, C., Studinger, G., Berger, G., Bohling, S., Bruckmann, U., Cohorsfresenborg, D.,
Johncke, U., 1994. The assessment of bioaccumulation. Chemosphere 29,
1501e1514.
Gardner, M., Comber, S., Scrimshaw, M.D., Cartmell, E., Lester, J., Ellor, B., 2012. The
signiﬁcance of hazardous chemicals in wastewater treatment works efﬂuents.
Sci. Total Environ. 437, 363e372.
Gensemer, R.W., Playle, R.C., 1999. The bioavailability and toxicity of aluminum in
aquatic environments. Crit. Rev. Environ. Sci. Technol. 29, 315e450.
Gerhardt, A., 1993. Review of impact of heavy-metals on stream invertebrates with
special emphasis on acid conditions. Water Air Soil Pollut. 66, 289e314.
Grandjean, P., Eriksen, M.L., Ellegaard, O., Wallin, J.A., 2011. The Matthew effect in
environmental science publication: a bibliometric analysis of chemical sub-
stances in journal articles. Environ. Health 10, 96.
Hansen, J.A., Lipton, J., Welsh, P.G., 2002. Relative sensitivity of bull trout (Salvelinus
conﬂuentus) and rainbow trout (Oncorhynchus mykiss) to acute copper toxicity.
Environ. Toxicol. Chem. 21, 633e639.
Holt, M.S., 2000. Sources of chemical contaminants and routes into the freshwater
environment. Food Chem. Toxicol. 38, S21eS27.
Jurgens, M.D., Johnson, A.C., Jones, K.C., Hughes, D., Lawlor, A.J., 2013. The presence
of EU priority substances mercury, hexachlorobenzene, hexachlorobutadiene
and PBDEs in wild ﬁsh from four English rivers. Sci. Total Environ. 461e462,
441e452.
Keller, V.D.J., Williams, R.J., Lofthouse, C., Johnson, A.C., 2014. Worldwide estimation
of river concentrations of any chemical originating from sewage-treatment
plants using dilution factors. Environ. Toxicol. Chem. 33, 447e452.
Khan, S., Nugegoda, D., 2007. Sensitivity of juvenile freshwater crayﬁsh Cherax
destructor (Decapoda : Parastacidae) to trace metals. Ecotoxicol. Environ. Saf. 68,
463e469.
Leland, H.V., Carter, J.L., 1985. Effects of copper on production of periphyton,
nitrogen-ﬁxation and processing of leaf litter in a sierra-nevada, California,
stream. Freshwater Biol. 15, 155e173.
Lepom, P., Irmer, U., Wellmitz, J., 2012. Mercury levels and trends (1993e2009) in
bream (Abramis brama L.) and zebra mussels (Dreissena polymorpha) from
German surface waters. Chemosphere 86, 202e211.
Luoma, S.N., 1983. Bioavailability of trace metals to aquatic organisms e a review.
Sci. Total Environ. 28, 1e22.
Luoma, S.N., Rainbow, P.S., 2005. Why is metal bioaccumulation so variable? Bio-
dynamics as a unifying concept. Environ. Sci. Technol. 39, 1921e1931.
McGeer, J.C., Brix, K.V., Skeaff, J.M., DeForest, D.K., Brigham, S.I., Adams, W.J.,
Green, A., 2003. Inverse relationship between bioconcentration factor and
exposure concentration for metals: implications for hazard assessment of
metals in the aquatic environment. Environ. Toxicol. Chem. 22, 1017e1037.
Mebane, C.A., Dillon, F.S., Hennessy, D.P., 2012. Acute toxicity of cadmium, lead, zinc,
and their mixtures to stream-resident ﬁsh and invertebrates. Environ. Toxicol.
Chem. 31, 1334e1348.
Neal, C., 2002. Calcite saturation in eastern UK rivers. Sci. Total Environ. 282,
311e326.
Neville, C.M., Campbell, P.G.C., 1988. Possible mechanisms of aluminum toxicity in a
dilute, acidic environment to ﬁngerlings and older life stages of salmonids.
Water Air Soil Pollut. 42, 311e327.
Okamura, H., Togosmaa, L., Sawamoto, T., Fukushi, K., Nishida, T., Beppu, T., 2012.
Effects of metal pyrithione antifoulants on freshwater macrophyte Lemna gibba
G3 determined by image analysis. Ecotoxicology 21, 1102e1111.
Pirrone, N., Cinnirella, S., Feng, X., Finkelman, R.B., Friedli, H.R., Leaner, J., Mason, R.,
Mukherjee, A.B., Stracher, G.B., Streets, D.G., Telmer, K., 2010. Global mercury
emissions to the atmosphere from anthropogenic and natural sources. Atmos.
Chem. Phys. 10, 5951e5964.
R.L. Donnachie et al. / Environmental Pollution 194 (2014) 17e23 23Poleo, A.B.S., Lydersen, E., Muniz, I.P., 1991. The inﬂuence of temperature on aqueous
aluminum chemistry and survival of atlantic salmon (salmo-salar l) ﬁngerlings.
Aquat. Toxicol. 21, 267e278.
Postel, S.L., 2000. Entering an era of water scarcity: the challenges ahead. Ecol. Appl.
10, 941e948.
Price, O.R., Williams, R.J., van Egmond, R., Wilkinson, M.J., Whelan, M.J., 2010.
Predicting accurate and ecologically relevant regional scale concentrations of
triclosan in rivers for use in higher-tier aquatic risk assessments. Environ. Int.
36, 521e526.
Qu, R.J., Wang, X.H., Feng, M.B., Li, Y., Liu, H.X., Wang, L.S., Wang, Z.Y., 2013. The
toxicity of cadmium to three aquatic organisms (Photobacterium phosphoreum,
Daphnia magna and Carassius auratus) under different pH levels. Ecotoxicol.
Environ. Saf. 95, 83e90.
Salminen, R.C.-e., Batista, M.J., Bidovec, M., Demetriades, A., De Vivo, B., De
Vos, W., Duris, M.G.A., Gregorauskiene, V., Halamic, J., Heitzmann, P.,
Lima, A., Jordan, G., Klaver, G., Klein, P., Lis, J., Locutura, J., Marsina, K.,
Mazreku, A., O'Connor, P.J., Olsson, S., Ottesen, R.T.P.V., Plant, J.A., Reeder, S.,
Salpeteur, I., Sandstr€om, H., Siewers, U., Steenfeldt, A.T.T., 2005. Geochem-
ical Atlas of Europe, Part 1: Background Information, Methodology and
Maps.
Schwarzenbach, R.P., Escher, B.I., Fenner, K., Hofstetter, T.B., Johnson, C.A., von
Gunten, U., Wehrli, B., 2006. The challenge of micropollutants in aquatic sys-
tems. Science 313, 1072e1077.
Sciera, K.L., Isely, J.J., Tomasso, J.R., Klaine, S.J., 2004. Inﬂuence of multiple water-
quality characteristics on copper toxicity to fathead minnows (Pimephales
promelas). Environ. Toxicol. Chem. 23, 2900e2905.
SEC(2011)1544, Commission Staff Working Paper Technical Background, Report
From the Commission to the European Parliament and the Council on the
Outcome of the Review of Annex x to Directive 2000/60/ec of the EuropeanParliament and of the Council on Priority Substances in the Field of Water
Policy. Brussels, 31.1.2012.
Sumpter, J.P., 2009. Protecting aquatic organisms from chemicals: the harsh re-
alities. Philos. Trans. R. Soc. a-Math. Phys. Eng. Sci. 367, 3877e3894.
Tipping, E., 2005. Modelling A1 competition for heavy metal binding by dissolved
organic matter in soil and surface waters of acid and neutral pH. Geoderma 127,
293e304.
Tipping, E., Carrick, T.R., Hurley, M.A., James, J.B., Lawlor, A.J., Lofts, S., Rigg, E.,
Sutcliffe, D.W., Woof, C., 1998. Reversal of acidiﬁcation in upland waters of the
English Lake District. Environ. Pollut. 103, 143e151.
Tipping, E., Carter, H.T., 2011. Aluminium speciation in streams and lakes of the UK
acid waters monitoring network, modelled with WHAM. Sci. Total Environ. 409,
1550e1558.
UNEP, 2005. United Nations Environment Programme, Ridding the World of POPs: a
Guide to the Stockholm Convention on Persistent Organic Pollutants (Geneva).
Van Sprang, P.A., Verdonck, F.A.M., Van Assche, F., Regoli, L., De
Schamphelaere, K.A.C., 2009. Environmental risk assessment of zinc in Euro-
pean freshwaters: a critical appraisal. Sci. Total Environ. 407, 5373e5391.
Vijver, M.G., Van Gestel, C.A.M., Lanno, R.P., Van Straalen, N.M., Peijnenburg, W.,
2004. Internal metal sequestration and its ecotoxicological relevance: a review.
Environ. Sci. Technol. 38, 4705e4712.
von der Ohe, P.C., Schmitt-Jansen, M., Slobodnik, J., Brack, W., 2012. Triclosan-the
forgotten priority substance? Environ. Sci. Pollut. Res. 19, 585e591.
WIMS, 2013. Environment Agency Monitoring Data WIMS (accessed 03/2013).
www.gov.uk/government/organisations/environment-agency.
Wood, C.M., Farrell, A.P., Brauner, C.J., 2012a. Homeostasis and Toxicology of
Essential Metals. Elsevier.
Wood, C.M., Farrell, A.P., Brauner, C.J., 2012b. Homeostasis and Toxicology of Non-
essential Metals. Elsevier.
